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a b s t r a c t
The rheometer cavity has been chosen to analyze, in carefully controlled exposure conditions, the PET
macromolecular changes generated during its mechanical recycling by extrusion. Isothermal ageing
experiments at 280 C, under constant or variable oxygen partial pressures (between 0% and 21% of the
atmospheric pressure), have allowed us to establish that two types of oxidative macromolecular changes
take place successively in an extruder reactor. Chain scissions predominate in the “strongly oxygenated”
zones (at the feeder and die), whereas chain couplings (mainly chain branching) predominate in “poorly
oxygenated” zones (in the middle of the reactor). Thus, it appears that the relative predominance of both
types of modiﬁcations is closely related to the extruder geometry and size (in particular, the feeder and
die sections and the screw length). A kinetic model of thermal ageing of molten PET has been built to
check these assumptions. It describes satisfyingly all the rheometric results obtained in the present
study.
1. Introduction
The recycling of poly(ethylene terephthalate) (PET) waste is the
result of societal pressure to reduce environmental pollution, but
also the willingness of industrialists to develop less expensive raw
materials. Currently, wastes come essentially from the food pack-
aging industry: bottles of mineral water or soda, packaging trays
and ﬁlms, etc. They are re-used after recycling (that is to say
separation, grinding, washing and drying) for the production
of textile ﬁbres or new bottles.
An important part of the literature is dedicated to the study of
PET mechanical recycling, that is to say the melt reprocessing of
ﬂakes resulting from recycling (generally by extrusion, but also by
injection moulding); this recycling can be made by mixing 10 to
20 wt% of virgin polymer. The main reason of this interest seems to
be the diversity and complexity of (ionic and radical) chemical
reactions involved during this processing, for instance:
- Ester groups’ hydrolysis [1e6];
- Esteriﬁcation of carboxyl and hydroxyl ethyl ester chain ends
[1e6];
- Transesteriﬁcation of hydroxyl ethyl ester chain ends pairs [4],
and hydroxyl ethyl ester and vinyl ester chain ends [3,5e9];
- Thermal decomposition of ester groups from ethylene glycol
unit (i.e. monomer unit) [3,5e22], from diethylene glycol units,
considered as the main structural irregularities in PET
(between 1 and 3.6 mol% [23]) [8,23e26], and of hydroxyl ethyl
ester [4,6,8,10,13,14,20,24] and vinyl ester [6,10,14,16,18,20,26]
chain ends;
- Thermal oxidation of methylene groups from ethylene glycol
[3e6,9,11,21] and diethylene glycol units [3,23,25,27];
- Decarbonylation of acyl radicals and decarboxylation of
carboxyl radicals [15,16,18,27];
- Thermal oxidation of aromatic cycles [15];
- Hydroxylation of aromatic cycles [15,16,19,23,24,26,28];
- Condensation of carboxylic acid chain ends pairs
[5,6,10,22,24,26] and carboxylic acid and vinyl ester chain ends
[3,5,6,8,9,14,16,24];
- Polyaddition of vinyl ester chain ends [3,6,8,9,18,23];
- Polyaddition of aromatic cycles [20].
Hydrolysis/esteriﬁcation reactions lead to structural changes
that can be considered as reversible, if the water concentration into
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the polymer is well controlled. Indeed, we know that if the mois-
ture content exceeds a value of 0.01e0.02 wt% [3,29], the hydrolysis
of ester groups leads to the formation of carboxyl acid and hydroxyl
ethyl ester chain ends, which results in a catastrophic drop of the
molecular mass with the residence time in a processing machine.
The polymer can be then easily regenerated by heating in a dry
state. But, generally hydrolysis is totally avoided by a careful drying
of granules/ﬂakes before processing.
It is the same for transesteriﬁcation reactions. However, all other
chemical reactions lead to irreversible structural changes, respon-
sible for a more or less marked narrowing of the processing
window [30]. In the case of extrusion, the residence time of molten
polymer is quite long (typically between 1 and 2 min) and it is now
well established that the polymer thermal oxidation is the main
source of problems [24,31e38]. In the case of injection moulding,
although the residence time of the molten polymer is signiﬁcantly
shorter (few seconds), it seems that the thermal oxidation plays
also an important role [39e41]. In the temperature range of molten
PET processing (typically between 210 and 280 C), it is now
recognized that thermal oxidation is a radical chain mechanism,
essentially initiated by the decomposition of its main propagation
product: the hydroperoxide group POOH [3,4,6,9,21,24,26,27,
35,36].
In general, molten PET thermal ageing leads to two main types
of structural changes:
- Modiﬁcation of lateral groups, principally the formation
of hydroxyl and carbonyl groups [5,6,9,11,12,15,16,21,23,24,
26e28], but also several types of conjugated structures
[3,5,6,8,9,15,16,20,23,26];
- Modiﬁcation of macromolecular structure, that is to say chain
scissions [3e27,31e43] and chain extensions and branching
[3,5,6,8e10,14,16,20,22e24,26,35,36], and eventually cross-
linking [35].
The macromolecular changes affect as well the polymer rheo-
logical behaviour in solution or in molten state (changes in
viscosity) [3,5e7,9,18,24,31e38,40e42] as the polymer mechanical
behaviour in solid-state (catastrophic drop of fracture properties)
[27,31,33,34,38e41,44], even at very low conversion ratios. It is now
well established that chain scissions lead to the formation of new
chain extremities of aldehyde [5,6,9,16,18,21,43], formate [23,27],
carboxylic acid [3e12,14,16,18e24,26,27,33,34,39e42] and vinyl
ester types [3e10,12,14e16,18,20e24,26]. If they occur near a chain
end, they also lead to the formation of several types of low molar
mass organic volatile compounds (OVC). They are, for example,
carbon monoxide [3,5,6,10,16,18,27], carbon dioxide [3,5,6,10,11,
15,16,18,20,21,23,25e27], methane [3,5,6,10], ethylene [3,5,6,10],
benzene [3,5,6,27], but also aldehydes such as benzaldehyde
[10,18], formaldehyde [13,15,17,21,27,43] and acetaldehyde
[3e18,20,22,24e26,43]. Acetaldehyde would be, by far, the main
OVC, since it would represent about 80 mol% of the total amount of
OVC [3,5,6]. The formation of aldehydes is a real problem in the
food packaging industry, because these molecules can be tempo-
rarily trapped in the glassy amorphous phase of the semi-crystal-
line polymer at room temperature and then, affects the
organoleptic properties of food or drinks without ﬂavour such as
mineral water.
On the contrary, chain couplings (i.e. chain extensions and
branching) lead to the formation of new groups in the carbon chain
skeleton. Unfortunately, the low sensitivity of common laboratory
analytical techniques (IR spectrophotometry, solid 13C RMN, etc.)
does not allow the characterization of these structures with
a sufﬁcient reliability. They would be essentially anhydrides
[3,5,6,8e10,14,22,24,26,36], methyne groups [3,6,8,9,23,35,36,45],
or bi- and tri-phenyl structures [20,26].
However, the changes in lateral groups do not affect the polymer
rheological or mechanical behaviour at low conversion ratio, but
more speciﬁc use properties such as optical or electrical properties.
The most important problem, in practice, is the polymer discolor-
ation which results from the presence of chromophoric groups,
even in very low concentrations. The main chromophoric groups
would be anhydrides [3,5,6,8e12,14,16,22,24,26,27,36], phenols
[15,16,23,24,26,28] which would be transformed into aromatic
ketones of quinone type [15,16,23,28], conjugated ketoesters [26],
various conjugated aromatic structures [15,16,20,26], but also pol-
ydiene sequences [3,5,6,8,9,23].
The present article is dedicated to the study of irreversible PET
macromolecular changes during its mechanical recycling by
extrusion. The study will be conducted in two successive stages: At
ﬁrst, the proposal of a sufﬁciently sensitive method to highlight the
consequences of these changes on the polymer rheological
behaviour; Then, the development of a kinetic model for PET
thermal ageing at high temperaturese in molten statee in order to
identify, within the set of possible reaction mechanisms proposed
in the literature, those which are effectively responsible for these
changes.
2. Theory
2.1. First observations
So, there is a large consensus, in the literature, on the fact that
thermal oxidation is the main source of problems during PET
mechanical recycling by extrusion [24,31e38]. However, opinions
differ on the evolution of PET macromolecular structure (see
Table 1).
Values of weight average molar mass Mw have been plotted
versus the number of extrusion operations in Fig. 1. These values
have been determined by viscometry, either in solution at ambient
temperature [24,33,34], or in molten state at 270 or 280 C
[31,35,36], using the classical MarkeHouwink’s equation:
Table 1
Irreversible macromolecular changes observed during PET mechanical recycling by extrusion [24,31e37]. The Extruder geometry and size, and processing conditions are also
reported.
References De Paoli [24,34] La Mantia [31,32] Frounchi [33] Assadi [35] Nait-Ali [36] Ribes-Greus [37]
Extruder Wortex WEX 30
single screw
Brabender PLE 640
single screw
Collin Nr 5500
twin screw
Samafor BG 45
single screw
Fairex compact
single screw
Brabender PL 2000
twin screw
Feeder section (mm2) e e e 1800 3800 e
Screw length (cm) 96 47.5 e 110 88 75
Die section (mm2) e e e 63 80 e
Temperature proﬁle (C) 220e280 210e270 235e260 240e280 220e260 250e270
Rate (rpm) 102 100 62 40 80 e
Residence time (s) 120 e e 90 50 e
Main degradation
mechanisms
Chain scissions Chain scissions Chain scissions Chain scissions
and couplings
Chain scissions
and couplings
Chain scissions
hzK MaW (1)
where K is a decreasing function of temperature and a z 0.7 in
solution (in this case, h is noted VI and called “intrinsic viscosity”)
and z3.4 in molten state (in this case, h is called “Newtonian
viscosity”).
In the majority of cases [24,31e34,36e38], mechanical recycling
leads to a large predominance of chain scissions, which results in
a monotonous decrease of MW and viscosity h. However, in two
cases [35,36], it also leads to chain couplings which, ﬁnally, can
predominate over chain scissions. After a certain time of exposure,
depending on the aggressiveness of thermal exposure conditions, it
results in a re-increase of MW and h. In one of these latter (Assadi
et al. [35]), polymer gelation (by crosslinking) is even observed
during the fourth extrusion cycle, causing a complete obstruction of
the extruder.
An original way to detect the formation of branched structures,
below the gel point, was proposed by Assadi et al. [35]. It consists in
comparing the MW values determined by two different analytical
techniques: viscometry (in molten state) and Steric Exclusion
Chromatography (SEC) (see Fig. 2). If the polymer remained linear
(case of initial polymer), that is to say if there were only chain
scissions and chain extensions, MW values would be the same.
However, since chain branching occurs simultaneously, the values
are different from the ﬁrst extrusion operation. This result is not
surprising because, for the same MW value, the presence of
branching prevents chain reptation in molten state, but also
decreases the hydrodynamic volume of the chain in solution.
Finally, there are two completely different evolution ofMWwith the
number of extrusion cycles: the viscometric curve shows
a minimum at the second extrusion cycle, attributed to a balance
between chain scissions and chain branching, while chromato-
graphic curve displays clearly a sigmoidal shape.
A more traditional way to detect branching consists in
comparing the IV values, of recycled PET, and IV values of a series of
linear PET, taken as reference materials (see Fig. 3) [35]. Indeed,
these two polymer families follow the previous MarkeHouwink’s
law, but for quite different values of exponent a (z0.97 for recycled
and z0.77 for linear PET). Moreover, one can notice that the dots
for recycled PET are clearly below the characteristic straight-line of
linear PET, and their distance from the straight-line increases with
the number of extrusion cycles. Thus, for the extrusion processing
conditions studied by Assadi et al. [35], it appears that the number
of ramiﬁcations increases continuously with the number of extru-
sion cycles. However, this change in the rheological behaviour
seems to be, in a ﬁrst approximation, very different from those
reported by other authors [24,31e34,36e38]. How to explain such
a discrepancy?
If one observes attentively Table 1, despite a lack of information
on extrusion conditions in some cases, it appears that chain scis-
sions are widely favoured in the case of “well-oxygenated”
extruders (large feeder and die sections, and short screw), and that
chain couplings are only detected in the case of “poorly oxygen-
ated” extruders (narrow feeder and die sections, and long screw).
One can thus conclude that oxygen concentration would be a key
parameter for PET thermal degradation in molten state.
Another important parameter, which could affect signiﬁcantly
the competition between chain scissions and chain couplings, is
temperature. Indeed, chain couplings present, in general, a lower
activation energy than chain scissions. It is thus expected that chain
couplings are favoured at lower temperatures [46]. Unfortunately,
the effect of temperature does not appear in Table 1, presumably
because extrusions have been carried out in relatively close
temperature intervals, all centred around a mean value of about
240e260 C.
At this stage, one can conclude that a complete understanding of
PETmechanical recycling would require to study the variation of, at
least, two parameters: oxygen concentration and temperature. The
present article focuses on the effects of oxygen concentration.
Fig. 1. Changes in weight average molar mass versus number of extrusion cycles
according to different authors [24,31,33e36].
Fig. 2. Changes in weight average molar mass versus number of extrusion cycles
according to Assadi et al. [35]. Comparison between average molar masses determined
by viscometry (in molten state) and by Steric Exclusion Chromatography (SEC).
Fig. 3. Changes in intrinsic viscosity versus weight average molar mass determined by
SEC. Comparison between recycled and linear (taken as a reference) PET viscosities
[35].
2.2. Proposal of a simpliﬁed scheme for an extruder reactor
Although in real extrusion conditions the problem is more
complicated e especially because of the mechanical transport of
oxidized polymer particles along the screw e we have chosen, in
a ﬁrst approach, to represent an extruder reactor by a relatively
simple form. We have started from the observation that the molten
polymer is conﬁned within the pressurized zone (i.e. in the middle)
and is only in contact with air, at atmospheric pressure, at both
extremities (at the feeder and die) of the extruder. So, at both
extremities, the oxygen concentration is the highest one. It is
expected that this latter decreases rapidly towards the centre of the
reactor since an oxidation reaction proceeds and its kinetics is
diffusion controlled [47]. However, since the temperature is not
homogeneous in the reactor, the thermal oxidation will occur in
a non-isothermal state.
Oxygen concentration and temperature gradients have been
schematized in Fig. 4. Coordinates z0 and zL indicate the position of
the air/molten polymer interfaces at the feeder and die respec-
tively. Thus, the screw length is:
L ¼ zLz0 (2)
Coordinates z1 and z2 are the limits between the “well-
oxygenated” zones (1 and 3), in which chain scissions should
largely predominate, and “poorly oxygenated” zones (2), where
chain couplings should be favoured. Thus, the lengths of these
different zones are:
L1 ¼ z1z0 (3)
L2 ¼ z2z1
L3 ¼ zLz2
The equilibrium oxygen concentration at the air/molten poly-
mer interfaces follows the classical Henry’s law:
½O2ðziÞ ¼ SmoltenðTiÞ  PO2 (4)
Oxygen partial pressure PO2 in ambient air is about 21% of
atmospheric pressure, i.e. 2.1  104 Pa. Moreover, in a ﬁrst
approach, one can estimate the oxygen solubility into the molten
polymer from the solubility into the semi-crystalline polymer
above its glass transition temperature, knowing its crystallinity
ratio:
Smolten ¼
Ssemicrist
1 cC
(5)
Databases [e.g. 48,49] show that oxygen solubility into polymers
is almost temperature independent. The numerical application of
Equs. (4) and (5), taking Ssemi-crist ¼ 3.1  108 mol l1 Pa1 and
cC ¼ 33% [49], leads ﬁnally to:
Smolten ¼ 4:6 108 mol l1 Pa1
i:e: ½O2ðz0Þ ¼ ½O2ðz1Þ ¼ ½O2S¼ 9:7 104 mol l1 (6)
Finally, the only unknown parameter is the oxygen critical
concentration at the “oxygenated” zones/“anaerobic” zones
interfaces:
½O2ðz1Þ ¼ ½O2ðz2Þ ¼ ½O2C (7)
This last one will be determined, in this study, from speciﬁc
thermal oxidation experiments made under various oxygen partial
pressures.
According to this simpliﬁed scheme, chain scissions and
couplings will occur successively during an extrusion operation,
since each one is largely favoured in a distinct zone of the reactor:
in the “well-oxygenated” and “poorly oxygenated” zones respec-
tively. Thus, ﬁnally, the relative predominance of both types of
macromolecular changes depends on 4 factors:
- The screw length L;
- The length of both “well-oxygenated” zones L1 et L3;
- And the residence time tR.
Lengths L1 and L3 depend, in turn, on 5 parameters:
- The equilibrium oxygen concentration [O2]S and the rate of
oxygen consumption v([O2]S) at the air/molten polymer
interfaces;
- The oxygen diffusivity DO2 into the melt;
- The temperature proﬁle in the reactor;
- And the polymer transport rate along the screw.
We have seen that [O2]S is temperature independent (see Equ.
(4)). However, the ratio DO2=vð½O2SÞ is a decreasing function of
temperature [47]. It is thus expected that: L1 > L3.
At this stage, it is possible to deﬁne two extreme types of
extruder machines:
- “Well-oxygenated” extruders, for which L1 > L3 >> L2, leading
to chain scissions;
- And “poorly oxygenated” extruders, for which L2 >> L1 > L3,
leading to chain couplings.
The objective of the present study is to determine if such
a simpliﬁed scheme is sufﬁcient to explain the disparity in rheo-
logical behaviours reported in literature during PET mechanical
recycling.
2.3. Use of the rheometer cavity as a tool for simulating
the macromolecular changes
An original solution to validate this simpliﬁed scheme consists
in studying the PET macromolecular changes induced by
Fig. 4. Simpliﬁed scheme of an extruder reactor. [O2] and T designate respectively the
oxygen concentration and temperature gradients in the reactor. Positions zi are the
limits between the different “reaction” zones (1, 2 and 3) in the reactor.
the thermal oxidation in carefully controlled (in temperature,
oxygenation and shearing) conditions. The rheometer cavity is ideal
for such a study, for the following reasons:
- The temperature ﬁeld is homogeneous and perfectly regulated;
- The atmosphere can be perfectly controlled and rapidly
changed;
- The shear amplitudes are sufﬁciently low to ensure the absence
of mechano-chemical degradation;
- This equipment gives a direct information on the weight
average molar mass MW with a high sensitivity.
So this machine can be used to perform two thermal ageing
experiments:
- Experiments to reproduce the local macromolecular changes
(predominantly chain scissions or chain couplings) at a given
oxygen concentration, that is to say at a given z position in the
extruder reactor. These are isothermal experiments at
a constant oxygen partial pressure, between 0% (nitrogen) and
21% (ambient air) of atmospheric pressure;
- Experiments to reproduce the historic background of macro-
molecular changes (succession of chain scissions and
couplings) during a complete extrusion operation. These are
isothermal experiments at a variable oxygen partial pressure,
between 0% and 21% of atmospheric pressure, duringwhich the
polymer is exposed under nitrogen, but with short admissions
in ambient air (during approximately 2 min).
2.4. Proposal of a kinetic model for PET thermal oxidation
The starting point is the “closed-loop” oxidation scheme
established for describing the polyethylene (PE) thermal ageing,
from low to moderate temperatures (typically between 40 and
220 C), in a previous study [50]. Indeed, it is expected that PET
behaves essentially as a poly(methylenic) substrate against
oxidation and, for this reason, that its thermal oxidation mecha-
nistic scheme is very close to PE one. However, in the temperature
range under study (T  250 C), this scheme must be slightly
improved:
– The hydroperoxide critical concentration [POOH]C, beyond
which thermal decomposition of POOH groups switches from
unimolecular to bimolecular mode, is an increasing function
of temperature. It is about 9.2  101 mol l1 at 250 C, that is
to say that it is necessary to accumulate a considerable
quantity of POOH groups to initiate the bimolecular mode.
Thus, above 250 C, one can reasonably consider that POOH
decomposition is essentially unimolecular;
–Molecular oxygen being a bi-radical in ground state, we cannot
exclude its direct reaction with the polymer:
– Above 250 C, peroxide groups POOP cannot survive. Dispro-
portionation is the only possible termination for alkoxy radicals
pairs. It leads to the formation of anhydride andalcohol groups:
– In principle, aldehydes are the main by-products resulting
from chain scissions. They are formed by b scissions of alkoxy
radicals. However, their CeH bond presents a dissociation
energy (ED z 368 kJ mol1) signiﬁcantly lower than that of
methylene groups (ED z 393 kJ mol1). It is thus expected
that aldehydes are quickly oxidized into carboxylic acids:
This assumption is fully justiﬁed because, in general, when they
are detected, aldehydes represent a very small fraction of thewhole
oxidation by-products formed during the PET mechanical recycling
by extrusion. In a ﬁrst approach, one can replace all the aldehyde
groups by carboxylic acid groups in the oxidation mechanistic
scheme.
Finally, a mechanistic scheme for PET thermal oxidation in
molten state could be:
PH + O2 →  P  + HO 2 (k1o)
HO2 + PH →  P  + H 2O2
H2O2 →  2HO
2HO  + 2PH →  2P  + 2H 2O
(1o) Balance reaction PH + O2 →  4P  + 2H 2O (k1o)
C
O
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O
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+
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β scission
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several steps
C CH2 O C
O
HO
O
+
β scission
+ CO2
(1o) Initiation PH þ O2/ 4P (k1o)
(1u) Initiation POOH/ 2P þ g1POH]O þ g1S (k1u)
(2) Propagation P þ O2/ PO2 (k2)
(3) Propagation PO2
 þ PH/ POOH þ P (k3)
(4) Termination P þ P/ g4PP þ (1g4)PH þ (1g4)F þ g4X (k4)
(5) Termination P þ PO2 / POOH þ F (k5)
(60) Activated complex formation
PO2
 þ PO2 / [PO OP]cage þ O2 (k60)
(62) Termination [PO OP]cage/ O(P]O)2 þ POH (k62)
(63) Non terminating combination
[PO OP]cage/ 2P
 þ 2g1POH ¼ O þ 2g1S (k63)
where PH designates a methylene CeH bond, POOH an hydro-
peroxide, P an alkyl radical, PO2
 a peroxy radical, [PO OP]cage an
alkoxy radical pairs in a cage, POH ¼ O a carboxylic acid, O(P]O)2
an anhydride, POH an alcohol, PP a carbonecarbon bond, F a vinyl
double bond, S a chain scission and X a chain branching. The
coefﬁcients g1 and g4 are the respective yields of chain scissions
and chain branching in the concerned reactions.
In addition, it has been seen, in Introduction, that several non-
radical processes are likely to superimpose to oxidation. Among
these potential mechanisms, two are the subject of a relative
consensus in literature and, for this reason, they have particularly
caught our attention. On one hand, there is the thermal decom-
position of the ester groups of main structural irregularities, that is
to say diethylene glycol units [8,23e26]:
(0i) Decomposition Irreg/ POH]O þ FV þ S (k0i)
where FV designates a vinylidene double bond and þ S a chain
scission.
On the other hand, there is the condensation of carboxylic acid
chain ends pairs [5,6,10,22,24,26]:
(7) Condensation POH]O þ POH]O/ O(P]O)2 þ H2O  S (k7)
where e S designates a chain extension.
One expects that this reaction plays effectively a role since it is
favoured at high temperature, particularly in melt state, and
carboxylic acids are the main initiation by-products (see reactions
(1u) and (63)) in the previous mechanistic scheme. To check this
assumption, molten PET has been analyzed by FTIR spectrometry in
Attenuated Total Reﬂectance mode after 3000 min at 280 C under
two different oxygen partial pressures. FTIR spectra show very little
differences, often of the order of the experimental scattering, but
one can observe clearly, in the 17601820 cm1 region, the
formation of several overlapped bands which can be reasonably
attributed to anhydride groups (see Fig. 5).
It is important to notice, at this stage, that each condensation
event leads to a chain extension and not to a chain branching. For
this reason, it can be considered as the reciprocal reaction of a chain
scission.
Finally, in this study, we have chosen the mechanistic scheme
composed of the 11 previous elementary reactions {0i,1u,1o, 2, 3, 4,
5, 60, 62, 63 and 7} to tentatively describe the thermal ageing
kinetics of molten PET. In the simplest case of a homogeneous
oxidation (i.e. in the absence of oxidation gradients), the oxygen
concentration into the polymer remains constant at any place in the
sample thickness. As a result, Equ. (4) can be rewritten as follows:
½O2
i
¼ 4:6 108  PO2 (8)
Thus, the mechanistic scheme leads to a system of 7 differential
equations:
d½Irreg
dt
¼ k0i

Irreg

(9)
d½POOH
dt
¼ k1u½POOH þ k3½PH½PO

2 þ k5½P
½PO2 (10)
d½P
dt
¼ 4k1o½PH½O2 þ 2k1u½POOH  k2½O2½P
 þ k3½PH½PO

2
 2k4½P
2k5½P
½PO2 þ 2k63½PO
 
OPcage
(11)
d½PO2
dt
¼ k2½O2½P
  k3½PH½PO

2  k5½P
½PO2  2k60½PO

22
(12)
d½PO OPcage
dt
¼ 2k60½PO

22ðk62 þ k63Þ½PO
 
OPcage (13)
d½PH
dt
¼ 2k0i½Irreg  4k1o½PH½O2  ð2 g1Þk1u½POOH
 k3½PH½PO

2  k5½P
½PO2
 2ð1 g1Þk63½PO
 
OPcage ð14Þ
d½POH]O
dt
¼ k0i½Irreg þ g1k1u½POOH
þ 2g1k63½PO
 
OPcage2k7½POH]O2 (15)
which admits for initial conditions (at t ¼ 0):
- [Irreg] ¼ [Irreg]0;
- [POOH] ¼ [POOH]0;
- [P] ¼ [PO2 ] ¼ [PO OP]cage ¼ 0;
Fig. 5. Magniﬁcation of the 17501800 cm1 region of FTIR spectra before (0) and
after 3000 min at 280 C under 1% (1) and 21% of atmospheric pressure (2).
- [PH] ¼ [PH]0 z 14 mol l1;
- and [POH]O] ¼ [POH]O]0 ¼ Mn01.
(considering that all the PET chains are initially terminated by
one carboxylic acid and one hydroxyl ethyl ester chain ends).
We have solved numerically the system of differential Equs. (9)e
(15) using the ODE23s solver of Matlab commercial software. This
is a solver based on the Rosenbrock’s semi-implicit algorithm,
specially adapted for solving “stiff” problems of chemical kinetics.
This system gives access to the changes in the concentration of
different reactive species against time: [Irreg], [POOH], [P], [PO2
 ],
[PO OP]cage, [PH] and [POH]O] ¼ f(t). From these values, it is
possible to calculate the rates of the different types of macromo-
lecular changes:
– Chain scissions:
dSþ
dt
¼ k0i½Irreg þ g1k1u½POOH þ 2g1k63½PO
 
OPcage (16)
– Chain extensions:
dS
dt
¼ k7½POH]O2 (17)
Chain branching:
dX
dt
¼ g4k4½P
2 (18)
And, ﬁnally, chain couplings (i.e. chain scissions and branching):
dS
dt
¼ dSþ
dt
 dS
dt
(19)
Then, the Saito’s equations [51] have been used to determine the
numberandweight averagemolarmasses (Mn andMWrespectively):
S X ¼ 1
Mn
 1
Mn0
(20)
S
2
 2X ¼ 1
MW
 1
MW0
(21)
Finally, the changes in Newtonian viscosity have been calculated
using the standard scale law [52,53]:
hzK M3;4W (22)
with K ¼ 3.4  104 Pa s(mol kg1)3,4 at 280 C [34].
Thus, in this study, the kinetic model composed of Equs. (8)e
(22) was used to tentatively determine which macromolecular
changes are responsible for the changes in the PET rheological
behaviour during its mechanical recycling by extrusion.
3. Materials and techniques
3.1. Materials
This study has focused on 2 batches of regenerated PET supplied
by SOREPLA Company (Neufchâteau, south of France). In both cases,
the ﬂakes present a low quantity of contaminants (PE < 30 ppm,
PVC< 65 ppm, metals< 5 ppm, PAN< 10 ppm and paper< 5 ppm)
which intend them to food packaging applications. They differ
mainly by their molar mass MW. Their main characteristics are
presented in Table 2.
3.2. Rheological measurements
PET ﬂakes have been carefully dried during 15 h at 120 C under
vacuum to reduce the moisture content to values below 10 ppm
and thus, to limit the risks of hydrolysis during processing at high
temperature.
Then, the rheological properties of both regenerated PET have
been measured in molten state at 280 C under nitrogen with
a Rheometrics Ares rheometer, using a coaxial parallel plate
geometry (diameter ¼ 50 mm, gap ¼ 1 mm). Sweep angular
frequency experiments (u ¼ 102102 rad s1) have been per-
formed with a strain amplitude of 20%. These experiments show
that the rheological behaviour of both PET is Newtonian in the low
frequency range, typically for u  10 rad s1 (see Fig. 6).
These operating conditions (T ¼ 280 C, gmax ¼ 20% and
u ¼ 10 rad s1) have been used to follow the changes in Newtonian
viscosity of both PET in various oxygen atmospheres representing
the real extrusion conditions, that is to say:
- A constant oxygen partial pressure: 0; 0,6; 1; 9 and 21% of
atmospheric pressure to reproduce the local macromolecular
changes (relative predominance of chain scissions and
couplings) at a position z in the extruder reactor;
- Avariable oxygenpartial pressure: alternations between 0% and
21% of atmospheric pressure to reproduce the historical back-
ground of macromolecular changes (sequences of chain scis-
sions and chain couplings) during a complete extrusion cycle.
4. Results and discussion
4.1. Iso-atmospheric experiments
No signiﬁcant difference was observed between the thermal
ageing kinetics of both batches of regenerated PET supplied by
Table 2
Main characteristics of both batches of regenerated PET under study.
References Assadi [35] Nait-Ali [36]
Batch of PET PET 1 PET 2
MW (kg mol1) 55 63.2
TF (C) 250 240250
XC (%) 33 33
r e 1.41
Fig. 6. Rheological behaviour of as received PET 2 e Real part of dynamic viscosity
versus frequency at 280 C.
SOREPLA Company. Indeed, the gap between the respective
changes in rheological behaviour is of the order of the experimental
scattering. That is the reason why, in the next sections, the kinetic
curves of Newtonian viscosity h(t) will be normalized by their
initial value h(t ¼ 0), in order to eliminate the small initial differ-
ences between PET 1 and PET 2, and there will be no longer
distinction between these polymers.
Examples of kinetic curves of Newtonian viscosity in various
oxygen atmospheres are presented in Fig. 7. It canbe clearly seen that
the PET rheological behaviour is oxygen partial pressure dependent:
- As expected, in the absence of oxygen (0% of atmospheric
pressure), PET is relatively stable at 280 C. Indeed, after a very
slight decrease, which can be reasonably attributed to the
thermal decomposition of main structural irregularities (i.e.
diethylene glycol units), h reaches an asymptotic value;
- At low oxygen partial pressures (typically for PO2 < 9% of
atmospheric pressure), h increases slowly until the complete
polymer gelation. Thus, chain couplings prevail on chain scis-
sions. According to Equ. (21), we are in the case where: S < 4X;
- At the critical oxygen pressure of PC z 9% of atmospheric
pressure, h takes an almost constant value. Then, chain
couplings equilibrate chain scissions and we are in the case
where: S ¼ 4X;
- At higher oxygen partial pressures (typically PO2 > PC), h
decreases sharplywith time. Chain scissions predominate largely
over chain couplings and we are in the case where: S > 4X.
The introduction of the PC value in Equ. (4) allows the calcula-
tion of the critical oxygen concentration delimiting the “well-
oxygenated” zones from the “poorly oxygenated” zone in the
extruder rector. The numerical application leads to:
[O2](z1) ¼ [O2](z2) ¼ [O2]C ¼ 4.2  104 mol l1 (23)
4.2. Sequential experiments
An example of kinetic curves of Newtonian viscosity h of PET 1
during two nitrogen/air alternations under atmospheric pressure is
presented in Fig. 8. One can distinguish three different stages of h
changes. Chronologically:
– The ﬁrst stage corresponds to a “stabilization” phase of h values
under nitrogen. As seen in the previous section, after a very slight
decrease, which can be reasonably attributed to the thermal
decomposition of main PET structural irregularities (i.e. dieth-
ylene glycol units), h reaches an asymptotic value;
– The second stage corresponds to a dramatic drop of h in ambient
air. In this narrow interval, nitrogen has been replaced by
atmospheric air during approximately 2 min in the rheometer
cavity. Thus, chain scissions predominate largely over chain
couplings. One can notice the absence of induction time, since
the decreasing rate of h is maximum from the introduction of air
into the cavity. This is an important argument in favour of the
existence of an extrinsic initiation mechanism of thermal
oxidation. The direct reaction of molecular oxygen with the
polymer (1o) should allow to describe, without the use of an
additional assumption or adjustable parameters, this important
characteristic of the thermal oxidation kinetics of molten PET at
280 C;
– The third stage corresponds to a non-monotonous change in h
when the oxygen partial pressure decreases from 21% to 0% of
atmospheric pressure. In this interval, ambient air has been
replaced by nitrogen in the rheometer cavity, until the complete
stabilization of h values. One observes, at ﬁrst, a slowdown of the
h decrease, previously initiated under atmospheric air, leading to
a minimum value of h, presumably reached when the oxygen
partial pressure equals 9% of atmospheric pressure. It is, indeed,
at this critical value that chain couplings equilibrate chain scis-
sions (see Fig. 7). Once the oxygen partial pressure becomes
lower than this critical value, chain couplings predominate over
chain scissions and one observes a re-increase in h. This ﬁnal
increase stops when oxygen is totally consumed in the rheom-
eter cavity.
4.3. Kinetic modelling
We have used the kinetic model, composed of Equs. (8)e(22), to
tentatively simulate the kinetic curves of h presented in Figs. 7 and
8. The values of initial concentrations, rate constants and yields
used for all the simulations, at 280 C, are reported in Tables 3
and 4.
These values call for the following comments:
i) The initial concentration of structural irregularities z
2.4  103 mol l1 is quite reasonable. It represents about
1.7 mol% of monomer units, which is in perfect agreement
with literature data [22];
Fig. 7. Changes in Newtonian viscosity at 280 C under various oxygen partial pres-
sures: 0% (0); 0.6% (1); 1% (2); 9% (3) and 21% of atmospheric pressure (4).
Fig. 8. Changes in Newtonian viscosity at 280 C during two nitrogen/air alternations
under atmospheric pressure. Duration of successive exposures under nitrogen: 42, 53
then 40 min. Duration of exposures under air: 2 min in both cases.
ii) The rate constants k1uek63, except k4, have been determined
in a previous study for PE [49]. Values of k4 greater than
1012 l mol1 s1 are, a priori, difﬁcult to explain in the case of
scarce species such as alkyl radicals. However, it is expected
that, at high temperature, in molten state, the reaction of
hydrogen transfer by valence migration plays a key role:
P þ PH/ PH þ P
iii) The rate constants k1o, k0i and k7, but also the yields g1 and g4,
have been determined in this study. The value of the rate
constant k1oz 9 104 l mol1 s1 is high enough to destroy
the “closed-loop” character of oxidation mechanism. Indeed,
we are in the situation where the initial rates of radical
production by reactions (1o) and (1u) are of the same order of
magnitude. As an example, in atmospheric air, these rates can
be written:
v1o ¼ 4k1o½PH0½O2z4:9105mol l1 s1
and v1u ¼ k1u½POOH0z5:0 105 mol l1 s1
That is to say that: v1oz v1u
On the contrary, the initial concentration of carboxylic
acids z 2.2  102 mol l1 and the value of rate constant
k7z 1.7 106 l mol1 s1 are too low to generate, in the timescale
of a few extrusion cycles, a sufﬁcient number of chain extensions
and thus, to impact the rheological behaviour of the molten poly-
mer. But, at longer term, when a large amount of carboxylic acids
will be accumulated into the reactive medium, it is conceivable that
this reaction will play, in turn, a major role.
As a consequence, at low oxygen partial pressure (typically for
PO2 < 9% of atmospheric pressure), chain branching is the main
source of problems during the PET mechanical recycling by
extrusion. The yield g4 for coupling of alkyl radicals is about 17% at
280 C. This reaction is in competition with disproportionation:
On the contrary, at higher oxygen partial pressure (PO2 > 9% of
atmospheric pressure), chain scissions are the main source of
problems during the PET mechanical recycling by extrusion. The
yield g1 for b scissions of alkoxy radicals is about 84% at 280 C. This
reaction is in competition with hydrogen abstraction:
Examples of simulation of the kinetic curves of h are reported in
Figs. 9 and 10. It can be seen that the kinetic model describes
satisfyingly the experimental results, as well under constant
oxygen partial pressures as under variable oxygen partial pressures.
It can be thus considered that the validity of the kinetic model has
been successfully checked.
As suspected in the previous section, at longer term, chain
extensions affect, in turn, the rheological behaviour of PET (see
Fig. 11). Indeed, after about 275 min of exposure at 280 C in
ambient air, one observes a re-increase in h, presumably until the
complete polymer gelation (by crosslinking). At this stage, chain
extensions would represent less than 2 mol% of the total
Table 3
Initial concentrations (in mol l1) of the different reactive
species.
Concentration Value
[Irreg]0 2.4  103
[POOH]0 104
[PH]0 14
[POH]O]0 2.1e2.4  102
O CH CH2
O CH CH2
O CH CH2
O CH CH2
O CH2 CH2
O CH CH
+
+
cou
plin
g
disproportionation
O CH CH2
O
O C CH2
H
O
+
β scis
sion
H
abstraction+ PH
O CH CH2
OH
+     P
Table 4
Parameters used for kinetic modelling at 280 C.
Parameter Value Unit
k0i 7.1  104 s1
k1o 9  104 l mol1 s1
k1u 5  101 s1
k2 108 l mol1 s1
k3 1.9  103 l mol1 s1
k4 6  1013 l mol1 s1
k5 4  1011 l mol1 s1
k60 1010 l mol1 s1
k62 4  105 s1
k63 108 s1
k7 1.7  106 l mol1 s1
g1 83.9 %
g4 17.4 %
Fig. 9. Simulations of the kinetic curves of Newtonian viscosity at 280 C under various
oxygen partial pressures: 0% (0); 0.6% (1); 1% (2); 9% (3) and 21% of atmospheric
pressure (4). Dots: experimental data. Curves: kinetic model.
concentration of chain couplings. But, this small contribution
seems to be sufﬁcient to fully offset the effect of chains scissions.
It can be seen that, here also, the kinetic model describes
perfectly this evolution, which conﬁrms its high predictive value.
5. Conclusions
During its mechanical recycling by extrusion, PET undergoes
reversible modiﬁcations of its macromolecular structure induced
by hydrolysis, esteriﬁcation and transesteriﬁcation reactions. But, it
also undergoes irreversible macromolecular changes generated by
a large variety of (radical but also ionic) chemical processes.
Since an extruder is a relatively complex reactor (existence of
oxygen concentration, temperature and shear gradients), we have
chosen the rheometer cavity to study these macromolecular
changes and their consequences on the rheological properties, in
carefully controlled exposure conditions.
These experiments allow us to establish that polymer thermal
oxidation is, by far, the main source of problems. Chain scissions
predominate in “well-oxygenated” zones (at the feeder and die),
whereas chain couplings predominate in “poorly oxygenated”
zones (in the middle) of the extruder reactor. As a result, the rela-
tive predominance of both types of macromolecular changes is
closely related to the extruder geometry and size (especially, the
feeder and die sections and the screw length), that explains the
large disparity of rheological behaviours reported in the literature.
In the timescale of a few extrusion cycles, chain couplings consist
essentially in chain branchings. But, at longer term, chain exten-
sions can, in turn, play a major role.
In parallel, we have derived, from the “closed-loop” oxidation
mechanistic scheme established for a poly(methylenic) substrate in
a previous study [50], a kinetic model for the thermal ageing of
molten PET at high temperature in order to check these assump-
tions. This model describes satisfyingly all the rheological results
obtained at 280 C under constant oxygen partial pressures, but
also under variable oxygen partial pressures (between 0% and 21%
of atmospheric pressure).
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